ABSTRACT Cities are blamed for the majority of greenhouse gas (GHG) emissions. So too are more affluent, highly urbanized countries. If all productionand consumption-based emissions that result from lifestyle and purchasing habits are included, urban residents and their associated affluence likely account for more than 80 per cent of the world's GHG emissions. Attribution of GHG emissions should be refined. Apportioning responsibility can be misguided, as recent literature demonstrates that residents of denser city centres can emit half the GHG emissions of their suburban neighbours. It also fails to capture the enormous disparities within and across cities as emissions are lowest for poor cities and particularly low for the urban poor.
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low-and middle-income countries, and the poorest populations are most vulnerable.
(1)
The World Development Report 2009 presented a new development paradigm: harnessing the growth and development benefits of urbanization while proactively managing its negative effects.
(2) Urbanization likely presents the best chance for the world's poorest, however up to now most GHG emissions (and solid waste) are by-products of the associated increase in affluence that usually accompanies urbanization. These emissions are particularly worrisome when they exceed the earth's assimilative capacity. In a fast-approaching world with 9 billion people, 70 per cent (3) of whom are expected to live in urban areas by 2050, cities must be efficient, well managed and need to protect much better their most vulnerable populations. They also need to emit far less GHGs.
A large share of global greenhouse gas emissions is attributable to cities.
(4) The International Energy Agency (IEA) estimates that urban areas currently account for more than 71 per cent of energy-related global greenhouse gases and this is expected to rise to 76 per cent by 2030, (5) making energy-related emissions the largest single source of GHG emissions from a production-based perspective (i.e. allocating emissions to the places where they are generated). Taking a consumptionoriented perspective (where emissions are allocated to the persons whose consumption caused the emissions), total GHG emissions rates would exceed this when the emissions associated with products consumed by urban residents are included, e.g. agriculture, forestry and commodities. Cities highlight the overlapping challenges of sustainable development, climate change mitigation and urban resilience. Concentrations of people and economic activity generate knowledge, social transformation, innovations and new technologies. They can also concentrate risk if not properly managed. Cities have the unique ability to respond to a global issue such as climate change at a local, more visceral level; they usually offer more immediate and effective communication between the public and the decision makers. Cities are credible laboratories of social change, with sufficient scale to bring about meaningful changes. Potential cobenefits of mitigation and adaptation are largest in cities.
City administrations and their citizens will be tasked with achieving the largest share of GHG emissions reductions. Using available GHG emissions data, this paper presents a possible path forward: clearly measure and communicate what is happening; tackle the largest issues first; and get help from citizens, other cities and national governments. Cities will likely address the challenge of GHG mitigation in the same pragmatic manner they have approached other issues such as solid waste management, water supply and, hopefully, better services to and inclusion of the urban poor.
II. GHG EMISSIONS: ASSIGNING RESPONSIBILITY
When it comes to the causes of climate change, statements have been made suggesting that up to 80 per cent of the world's anthropogenic greenhouse gas emissions are attributable to cities. (6) In contrast, arguments have been made against blaming cities for climate change based on observations such as: most emissions can occur outside the specific legislative boundary of cities, e.g. for electricity generation; and that urban living is more environmentally efficient than suburban and rural living at similar levels of affluence. (7) The conflict between these two perspectives represents the difference between production-based and consumption-based GHG attribution; that is, whether emissions are the "responsibility" of those who directly produce them or those whose consumption drives their production. Accordingly, in order to assess the level of climate change "responsibility" that should be assigned to cities, it is important to consider the fundamental role of the modern city in a global context, namely that cities are hubs of innovation, culture and economies that depend on a constant flow of resources, ideas, money and people. Cities are not self-sufficient entities and the impact of their activities extends far beyond their legislative boundaries. Cities are the most complex system created by humankind.
Many rural activities serve urban customers with their higher purchasing power, e.g. agriculture and forestry products and primary resource extraction such as minerals and hydrocarbons. Many highemitting industries located outside cities, such as electricity generation from fossil fuels, would not exist were it not for urban residents. Therefore, emissions from these rural sources cannot be considered in isolation: from a consumption-oriented perspective, they are the responsibility of the cities they serve. A more accurate view would be that GHG emissions are the by-product of typical lifestyles of more affluent citizens, most of whom live in urban areas. In some OECD countries, a few affluent people are able to live in a more rural setting; however most of their wealth and lifestyle, e.g. automobiles, health care, travel, is linked to cities.
Consider the sheer magnitude of some larger world cities. Shanghai's population and greenhouse gas emissions would place it in the world's "top 40" if it were a separate country. In terms of economic significance, Tokyo and New York both have GDPs greater than Canada's.
(8) Based on GHG emissions per GDP, citizens of Tokyo are 5.6 times more efficient than Canadians.
(9) Combined, all member cities of the C40 (10) represent 291 million people, at least 1,747 megatonnes of greenhouse gas emissions and more than US$ 10.8 trillion (PPP) total GDP, (11) placing the combined 40 cities among the top four countries in the world for each category (Table 1) .
Chinese cities are atypical in that, generally, their GHG emissions are, on average, much higher than per capita national averages. For example, Shanghai's emissions are 12.6 tCO2e (12) per capita, while national emissions are 3.4 tCO2e per capita. This reflects the high reliance on fossil fuels for electricity production, a significant industrial base within many cities and a relatively poor and large rural population, and hence a lower average per capita value for national emissions. In Amman, Jordan, the majority of the 3.25 tCO2e per capita emissions are from fossil fuel combustion for electricity and in-city ground transportation.
For comparative purposes, Table 2 includes national as well as citybased GHG emissions per capita as reported by the Intergovernmental Panel on Climate Change (IPCC). Variations in these values derive from mainly production-based inventories for countries and productionand consumption-based values for cities. Values can vary markedly for the same resident of a city or country depending on whether these are production-or consumption-based, yet both are still accurate. For any city-based figure, clarity is needed on what is included in its greenhouse gas emissions inventory. 9. Calculated using GDP data from Hawksworth et al. (2009) , see reference 8, and GHG data from Table 2 . Canada's GHG emissions are production based, in line with IPCC reporting standards for countries. Tokyo's GHG emissions are production based for fossil fuel combustion and industrial processes, and consumption based for electricity and waste.
10. C40 is a group of large cities committed to tackling climate change; see http://www. c40cities.org/.
11. Calculated using GDP data from Hawksworth et al. (2009) , see reference 8 (conservatively scaled by population with national data for cities not obtained and aspects of inventories better clarified. This is particularly the case where efforts are made to include upstream emissions or embodied emissions associated with extraction, production and transport of products or services used by city residents (what are termed Scope 3 emissions, as discussed in more detail later).
Rotterdam's per capita value of 29.8 tCO2e versus 12.67 tCO2e for the Netherlands reflects the large impact of the city's port in attracting industry, as well as fuelling of ships. This is similar to cities with busy airports and highlights the need to view the city-based GHG emissions cautiously and holistically. Local anomalies can have a disproportionate impact. However, the utility of city-based emissions is still powerful for planning and policy purposes. New York and Denver provide a useful comparison. Average emissions for New York residents are half those for Denver, 10.5 tCO2e versus 21.5 tCO2e, and this is mainly attributable to New York's greater density and much lower reliance on the automobile for commuting. Denver also benefits from a more thorough review of emissions: if the embodied emissions from Scope 3 aspects such as food and concrete are included, emissions rise to 25.3 tCO2e per capita. (13) Toronto and its place within Canada is illustrative. In Copenhagen in 2009, a coalition of environmental groups presented Canada with an unprecedented third consecutive "Fossil of the Year" award. Canada's annual per capita production-based GHG emissions are 22.65 tCO2e, among the highest in the world and a 26 per cent increase since 1990, rather than the 6 per cent reduction agreed to in the Kyoto protocol. More than 80 per cent of Canada is urbanized, (14) hence the majority of GHG emissions, if allocated per person, would be apportioned to urban residents. Figure 1 provides disaggregated per capita emissions for various Canadians. All are accurate, yet these averages vary from a low of 6.4 
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Disaggregated per capita emissions for various Canadians* NOTE: *National and provincial emissions are production based; city emissions are production based for fossil fuel combustion and industrial processes, and consumption based for electricity and waste; neighbourhood emissions are production based for transportation, and consumption based for household energy.
SOURCE: National and provincial data from Environment Canada (2010) Per capita estimates of emissions represent not only an individual's lifestyle choices but also the nature of the infrastructure and the structure of the economy in the geographical region. In most OECD countries, city per capita GHG emissions are lower than their national inventories, reflecting the general lack of resource development and heavy industry in cities. However, cities still generally follow regional and national trends, specifically with regard to electricity production and consumption, urban form and building practices, e.g. Calgary and Alberta.
The provinces of British Columbia, Quebec and Ontario, with a higher reliance on hydro-electricity and an absence of petroleum-based development, have relatively lower emissions. Their relatively aggressive greenhouse gas mitigation targets often reflect this while the national government, with one eye on hydrocarbon-rich regions of the country and the other on the trading relationship with the US, espouses a much more conservative mitigation strategy. Similarly, Canada's larger cities, with a denser public transport network, have disproportionately lower per capita GHG emissions. The complexities associated with these emissions and associated economies are significant; for example Alberta, with its oil sands, is a significant net contributor to Canada's federal financial equalization payments (largely funded by petroleum royalties), while Quebec and now Ontario are net benefactors.
Emissions also vary significantly at the neighbourhood level, as shown in a study by VandeWeghe and Kennedy of consumption-based household emissions and production-based transport emissions by census tract for the city of Toronto.
(15) On average, residents in the city core produced 6.42 tCO2e per capita compared to 7.74 tCO2e per capita for residents in the surrounding suburbs. However, there were pockets within the city core that produced emissions as high as those in the suburbs; these census tracts represented wealthy neighbourhoods, characterized by high automobile use and older, inefficient homes. The lowest emissions were 1.31 tCO2e per capita for a dense inner-city neighbourhood with good access to public transportation. The highest emissions were 13.02 tCO2e per capita in a "sprawling" distant suburb.
A close examination of the GHG attribution by census tract reveals interesting correlations between per capita GHG emissions, urban form and service access. Photo 1 shows satellite imagery of three Toronto census tracts: the tract with the lowest per capita emissions, a tract with the average per capita emissions and the tract with the highest per capita emissions. The neighbourhood with the lowest emissions per capita is a high-density apartment complex within walking distance of a shopping centre and public transit. The average emissions per capita neighbourhood consists of high-density single family homes close to the downtown core and with access to public transit. The highest emissions per capita neighbourhood is located in the suburbs, consisting of large, low-density single family homes, distant from commercial activity.
15. VandeWeghe, Jared R and Christopher Kennedy (2007) , "A spatial analysis of residential greenhouse gas emissions in the Toronto census metropolitan area", Journal of Industrial Ecology Vol 11, No 2, pages 133-144.
P H O T O 1 A East York. Total 1.31 tCO2e per capita (residential only) P H O T O 1 B Etobicoke. Total 6.62 tCO2e per capita (residential only)
This heterogeneity of per capita emissions is not unique to Canada. Whether the comparison is made city-to-city, region-to-region or countryto-country, large disparities are evident everywhere. These disparities are similar to per capita solid waste generation (Figure 2 ). For both GHG emissions and solid waste, which are most closely correlated to affluence, the world's poorest regions generate very little.
Canada's relatively high per capita production-based emissions reflect that it is the only net exporter of carbon dioxide emissions within the G7 countries.
(16) Davis and Caldeira, using the latest available data, found that in 2004, 23 per cent of global production-based carbon dioxide emissions were traded internationally, with consumption-based net imports for many European nations greater than four tCO2e per capita and 2.4 tCO2e per capita for the US. exported products, where arguably everyone in the exporting country benefits, or emissions associated with national activities such as the military, international tourism and land use changes. Furthermore, distinguishing between apportioning emissions based on consumption or production is important so as to avoid double-counting in emissions inventories.
III. CITIES ARE MAJOR PLAYERS IN CLIMATE CHANGE MITIGATION
Global trends and cultural shifts now arise exclusively through cities. Globalization is anchored through the growing connectivity of about 75 "global cities". Through their economic heft and trend-setting nature, these "country-lites" act as portals in determining much of our collective civilization.
By their nature, as national governments deal with more intractable geo-political issues, cities are often able to better cooperate with each other than their host countries. Cities often express the aspirations of their citizens more succinctly and more quickly than higher levels of government, and when these rising voices are credibly articulated, their global impact is considerable. The global response to climate change is illustrative. In the US, for example, 1,017 cities have signed up to meet or exceed Kyoto Protocol targets to reduce GHG emissions, (18) even though the national government refused to sign the protocol.
Because of their proximity to the public and the focus on providing day-to-day services, cities tend to be more pragmatic than senior levels of
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Per capita GHG emissions (tCO2e) and waste generation rate (t/day) for selected cities, indicated by region government. National governments may set the rules of the game but it is cities that are the athletes. For the athletes to "play the game", not only is it crucial that they know the rules but also that their voices and those they represent are incorporated during the formulation of the rules. Climate change will require city administrations to develop more robust partnerships with their constituencies, especially in low-and middle-income countries. The public needs to be an integral part of future responses to climate change, and trust needs to be strengthened before specific actions are identified. One way to achieve this is to regularly supply the public with credible standardized information that encourages active debate and outlines the need and methods for concrete actions.
Key urban policy initiatives can play an important role in addressing climate change mitigation and adaptation. A study of competitive cities and climate change emphasizes that policy complementarities across urban sectors are essential for enhancing policy effectiveness. For example, "…congestion fees for driving during peak hours worked well in London because they were combined with improvements in management of the road network and substantial enhancements in bus service." (19) Figure 3 highlights the particular impact of policy changes on carbon dioxide emissions per capita in Sweden and Germany from 1967 to 2005 along with a decline in industrial production. Efforts undertaken by and within cities were largely responsible for the majority of the dramatic GHG reductions in these two countries. Urban infrastructure and policies influence lifestyle choices, which in turn impact on urban emissions. For example, a lack of efficient public transit and low parking prices encourage greater car use. City governments have the ability to influence lifestyle choices and reduce greenhouse gas emissions. Table 3 provides an array of policy tools that are being implemented by cities. Some examples of municipal policies leading to reductions in emissions include congestion pricing (Singapore and Stockholm), dense and integrated land use (Barcelona and São Paulo), and provision of good public transit (Zurich and Curitiba).
In cities, there is the potential to capitalize on the co-benefits of mitigation, adaptation and improved access to services. Cities with excellent services are resilient cities: advanced drainage systems can alleviate flooding during intense storms; robust healthcare services are equipped to respond in emergency situations; warning systems and transportation infrastructure allow citizens to evacuate in response to risk.
IV. ACTION BEGINS WITH A GREENHOUSE GAS INVENTORY
The mitigation process to reduce GHG emissions should begin with a good understanding of emissions sources. This is accomplished with a clear and comprehensive greenhouse gas inventory. Greenhouse gas inventories for local jurisdictions identify emissions by source and report them in per capita terms. By identifying sectors with high levels of emissions, cities can determine where best to direct mitigation efforts. Regular updating is also needed to monitor the impact of policy initiatives.
Even with the complexity of the systems and dynamics found in cities, greenhouse gas emissions reflect well the multi-faceted nature of urban activity. GHGs are waste products expelled into the atmosphere as a result of various activities. The level of economic and social activity, as well as the systems and structures that enable activities, determine the 
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Policy goals amount of greenhouse gases produced. Therefore, GHG emissions provide a clear link between daily life and climate change. Per capita estimates of urban GHG emissions largely reflect the nature and economic structure of their respective cities. For example, a city with heavy industry, high car usage and coal-generated electricity will have higher per capita emissions than a city with a knowledge-based industry, good public transit and electricity drawn from hydropower. More research is needed, but as Table 2 shows, the variations between cities may be as wide as within cities. Emissions are likely most closely correlated to affluence, and low neighbourhood-level emissions might offset the higher global emissions resulting from air travel or second homes.
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Urban greenhouse gas inventories should follow a procedure similar to the IPCC methodology for national inventories. This will enable all city inventories to mesh with regional and national inventories. Since there is currently no mandated standard for urban greenhouse gas accounting, inventories vary depending on the data availability and the organization responsible for calculations.
The attribution of GHG emissions to cities reveals issues of inventory "scope". The World Resources Institute and World Business Council for Sustainable Development introduced the scope concept in relation to corporate or organizational inventories, dividing all emissions into three broad scopes. Scope 1 emissions are those from sources under the direct control of the organization, such as furnaces, factories or vehicles; Scope 2 emissions are from electricity consumed by the organization, although emissions are produced elsewhere; and Scope 3 emissions, also called upstream emissions or embodied emissions, are associated with extraction, production and transportation of products or services used by the organization. The scope concept of emissions attribution can also be applied to cities, giving them responsibility for emissions that are a consequence of their residents' activities, regardless of whether or not they occur inside the city boundary.
The international standard for determining greenhouse gas emissions for cities, presented at the 2009 Urban Research Symposium in Marseille (20) and summarized in Table 4 , recommends that emissions are reported from four categories: energy (including emissions from electricity consumption, heating and industrial fuel use, ground transport, and aviation and marine transport); industrial processes and product use; AFOLU (agriculture, forestry and other land use change); and waste. There is also a suggestion to report emissions embodied in fuel, water, food and building materials as additional items.
(21) Including Scope 3 emissions in eight US city case studies increases urban inventories by an average of 45 per cent. (22) The following reported items are recommended for inclusion: emissions produced in the geographical boundary of the city (Scope 1: production-based emissions); emissions released outside the geographical boundary of the city that enable energy, including electricity and district heat, to be consumed in the city (Scope 2: consumption-based emissions); and emissions from waste, aviation and marine transport and embodied in fuel, food, building materials and water used in the city (Scope 3: consumption-based emissions). While data can be difficult to obtain, the reporting of upstream, consumption-based emissions provides the most comprehensive view of the greenhouse gas emissions arising from an urban system for decision makers. Upstream emissions may be used to inform systemic consequences of climate change actions. Some actions that reduce climate change in cities may increase emissions in rural areas; for example, exporting cement manufacturing to rural areas removes emissions from cities but increases emissions associated with transportation. The Scope 3 analysis of Denver (23) led to the adoption of green concrete policies, reducing upstream emissions in new construction projects. As cities create strategic plans for mitigation, it is important to consider these upstream impacts as they can provide indications of what is driving emissions. Table 2 presents a list of currently assessed urban greenhouse gas baselines for about 100 cities, reported as values per capita, with a per capita inventory value for the corresponding country. The organization responsible for preparing each inventory is indicated. While the methodology and data available for each city may vary, Table 2 is an important starting point for future consistency in urban inventory reporting.
In looking at the inventories presented in Table 2 , some important trends emerge: low-and middle-income countries tend to have lower per capita emissions than high-income countries; dense cities tend to have relatively lower per capita emissions (particularly those with good transportation systems); cities tend to have higher emissions if in a cold climate zone. The most important observation is that there is no single factor that can explain variations in per capita emissions across cities; they are agglomerations of a variety of physical, economic and social factors specific to their unique urban life. The details of each inventory and its ability to undergo peer review, however, are critical to the development and monitoring of an effective mitigation strategy.
The city of Toronto, for which some of the most comprehensive spatial data is now available, provides an important observation: in the total emissions per capita value for citywide (9.5 tCO2e) and metropolitan (11.6 tCO2e), residential contributions account for approximately 68 per cent and 57 per cent, respectively. The "low" and "high" neighbourhoods vary by as much as a factor of 10. This suggests that what you buy is important, but what type of housing and neighbourhood you live in is much more important.
V. EMPOWERING CHANGE THROUGH CITIES
Cities are the optimum scale for integrated policy development and action on climate change mitigation. With more than half the world now urbanized and the vast majority of the world's economy driven by cities, national and international policies are also urbanizing. As the example of Toronto and Canada highlights though, the development and implementation of policies for GHG mitigation requires complementary and differentiated efforts by all governments and increasing reliance on complementary individual choices within larger neighbourhoods and citywide developments. The experience with solid waste management and waste diversion from final disposal provides important lessons for GHG mitigation. Cities and countries that enacted complementary policies for waste management practices have had the most success at solid waste 23. See reference 13; also see reference 20 diversion, for example: local tipping fees; bans on products and materials, such as limiting packaging materials and banning organics from landfill; extended product responsibility; and clearly articulated local and national waste diversion targets. Reducing GHG emissions will be achieved through a similar suite of policies and actions, for example: local "emitting" fees and emissions trading systems such as there are now in place in Tokyo; local and national targets; extended product responsibility; and local provision of practical alternatives such as improved public transport, more energy-efficient homes and more low-carbon city forms. With both GHG emissions and solid waste, the disparities within and across cities are striking; the poor generate little but are often severely impacted.
In addition to financing, cities need new and powerful tools to mitigate GHG emissions. Credible, publicly available and consistent GHG inventories, which are nested within national inventories, are critical to drive municipal policies and actions. These tools are evolving, but as this paper highlights they are now sufficiently robust to be collected by all cities (at least for all those with more than one million inhabitants). The use of GHG inventories is only a small part of a city's responsibility in mitigating GHG emissions; however, it is an important pre-requisite to mobilizing personal contributions and urging complementary regional and national efforts. Assigning blame can be useful but is far less productive than establishing credible and differentiated action plans and carrying them out. Mitigating GHG emissions can start at an individual level and quickly scale up to national and international efforts.
Similar to programmes to reduce solid waste volumes that focused on waste generation both in and out of the home, since, in most cities, more than 60 per cent of the waste is generated outside of the home, GHG mitigation strategies will likely evolve along two complementary parallel tracks. The first -and largely led by individual cities -will focus on urban form, with a keen interest in housing type and on integrated transport systems. The second track will require cooperative efforts between cities and countries, and will encourage less carbon-intense electricity, greater efficiency for all products and activities, for example international air travel, and likely a particular focus on the poor in cities in low-income and many middle-income nations, who emit virtually no emissions yet, but will be most impacted.
